Scaling study of the pion electroproduction cross sections and the pion form factor 
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7r + )n cross section was measured for a range of four-momentum transfer up to Q 2 =3.91 
GeV 2 at values of the invariant mass, W, above the resonance region. The Q 2 -dependence of the 
longitudinal component is consistent with the Q 2 -scaling prediction for hard exclusive processes. 
This suggests that perturbative QCD concepts are applicable at rather low values of Q 2 . Pion 
form factor results, while consistent with the Q 2 -scaling prediction, are inconsistent in magnitude 
with perturbative QCD calculations. The extraction of Generalized Parton Distributions from 
hard exclusive processes assumes the dominance of the longitudinal term. However, transverse 
contributions to the cross section are still significant at Q 2 =3.91 GeV 2 . 



Conventional pictures of the hadron, in which par- 
tons play the dominant role, predict a factorization of 
short-distance and long-distance physics. The factoriza- 
tion scale is the four-momentum transfer squared (Q 2 ). 
Earlier measurements of inclusive processes such as deep 
inelastic scattering (DIS), confirm that in the limit of 
large Q 2 , at fixed values of the Bjorken variable Xb (the 
longitudinal momentum fraction of the hadron carried by 
the parton in the infinite momentum frame), such pro- 
cesses can be viewed as scattering from individual par- 
tons within the hadronic system. A similar factorization 
of scales may be expected to apply to hard exclusive scat- 
tering and allow for using perturbative QCD (pQCD) 
processes in the description of hadrons. 



A factorization theorem has been proven for longitudi- 
nally polarized photons in meson electroproduction [l[ . It 
states that for sufficiently large values of Q 2 , at fixed Xb, 
and fixed momentum transfer to the nucleoli, — t, the am- 
plitude for hard exclusive reactions can be expressed in 
terms of a hard process, a distribution amplitude describ- 
ing the formation of the final state meson, and General- 
ized Parton Distributions (GPDs) , which encode the non- 
perturbative physics inside the nucleoli. This is known 
as the "handbag" mechanism. Note that a single hard 
gluon is exchanged in the hard subprocess, in which a vir- 
tual photon couples to a single quark inside the nucleon. 
Though it is expected that the factorization theorem is 
valid for Q 2 > 10 GeV 2 , to date it is unclear whether it 
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may already be approximately valid at moderately high 
values of Q 2 under certain conditions Q. 

One of the predictions of the factorization theorem is 
that the dominant virtual photon polarization is longi- 
tudinal in the limit of large Q 2 . The corresponding elec- 
troproduction cross section scales to leading order like 
cl ~ Q 6 at fixed —t and xb- The contribution of trans- 
versely polarized photons is suppressed by an additional 
power of 1/Q in the amplitude. In the Q -scaling limit, 
pQCD describes the short distance process and GPDs 
provide access to the non-perturbative physics. The dom- 
inance of the longitudinal contribution by a factor of 1 /Q 
is important because it contains the GPDs one would like 
to extract. Recent studies of p° and lu cross sections at 
the Thomas Jefferson National Accelerator Facility (Jef- 
ferson Lab) show relatively good agreement with the en- 
sealing prediction for values of Q 2 between 1.5 and 5.0 
GeV 2 . However, considerable transverse contributions 
complicate the isolation of contributions from the hand- 
bag mechanism from these data [H, 0| ■ 

QCD factorization for hard exclusive processes can be 
related to the pion form factor, F^. In fact, if one replaces 
the GPD in the handbag mechanism by the nucleon-pion 
vertex and the pion distribution, one obtains F„ in the 
pQCD formalism. The modified mechanism includes the 
same single hard gluon exchange as the handbag mech- 
anism As a result, pQCD calculations of F^ should 
be consistent with the experimental data where factor- 
ization applies. 

Longitudinal/transverse (L-T) separated pion produc- 
tion cross sections are one way to test the predictions 
of the factorization theorem for hard exclusive processes. 
The measurement of ox allows for tests of the Q 2 -scaling 
prediction, and, at the same time, of the consistency of 
with the pQCD prediction. The size of transverse 
contributions can be quantified via ot- The interference 
terms, oxt and <jtt, may provide additional information 
on the applicability of the QCD factorization prediction. 
Based on the 1/Q suppression of transverse contributions 
in the amplitude, the corresponding power laws are 1/Q 
and 1/Q 2 for oxt/ox and oxt/ox, respectively. 

In this article we study QCD scaling using previously 
published 1 H(e, e'7r + )n cross sections as well as newly 
available results from the pion transparency experiment 
(E01-107), which was carried out in Hall C at Jefferson 
Lab. Data were acquired at Q 2 =2.15 and 3.91 GeV 2 
for values of —t ranging between 0.145 and 0.450 GeV 2 , 
at a center of mass energy of W=2.2 GeV. Cross sec- 
tions were obtained from a 4-cm hydrogen target at two 
different beam energies for each of the two Q 2 points. 
The electroproduced charged pions were detected in the 
High Momentum Spectrometer (HMS), while the scat- 
tered electrons were detected in the Short Orbit Spec- 
trometer (SOS). 

Scattered electrons in the SOS were selected using a 
gas Cerenkov detector. Positively charged pions were 



identified in coincidence in the HMS using an aerogel 
Cerenkov detector with refractive index of 1.015 0] in 
combination with a gas Cerenkov detector filled with 
pcrfluorobutane at 0.956 atm. Any remaining contam- 
ination from real electron-proton coincidences was elimi- 
nated with a coincidence time cut of ±1 ns. Background 
from the aluminum target cell walls, always less than a 
few percent, and random coincidences (~1%) were sub- 
tracted from the charge normalized yields. The kinematic 
variables Q 2 , W, and t were reconstructed from the mea- 
sured spectrometer quantities. A more detailed descrip- 
tion of the experiment can be found in reference 0] . 

The unpolarized pion electroproduction cross section 
can be written in terms of the electron lab frame solid 
angle, dfl e , the scattered electron energy, E', and the 
pion solid angle, dfl Vl as 

d 5 a , „ . d 2 a , . 

j(t,0->ar)r o — -, (1) 
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where J(t,<j>— is the Jacobian of the transfor- 
mation from dtd<p to dCl^, 4> is the azimuthal angle 
between the scattering and the reaction plane, and 

r v = §f~ ch T^e ^ 2M^ 2 1S tne v htual photon flux. The 
virtual photon cross section can be decomposed into con- 
tributions from transversely and longitudinally polarized 
photons, and interference terms between the two polar- 
ization states, 
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Here, e = ( 1 



2p CF tan2 f 



is the virtual photon po- 
larization, is the square of the virtual photon three- 
momentum, and 6 is the electron scattering angle. The 
individual components in equation [5] were determined 
from a simultaneous fit to the ^-dependence of the mea- 
sured cross sections, at two values of e. 

The experimental cross sections are calculated by com- 
paring the experimental yields to a Monte Carlo simula- 
tion of the experiment. To take into account variations 
of the cross section across the acceptance, the simula- 
tion uses a 1 H(e, e'7r + )n model based on pion electropro- 
duction data. The model was optimized in an iterative 
fitting procedure to match the —t- and Q 2 -dependencc 
of the data. The W^-dependence of the data is well de- 
scribed by the empirical form (W 2 — M 2 ) 2 , where M p is 
the proton mass [9j . The resulting model cross section is 
known to 10%. 

The uncorrelated systematic uncertainty, which is am- 
plified by 1/Ae in the L-T separation, is 0.6% at Q 2 =2.15 
GeV 2 and 3.7% at Q 2 =3. 91 GeV 2 . The latter is domi- 
nated by the model dependence of the cross section. 

At Q 2 =2.15 GeV 2 the model dependence is <1% as the 
data were analyzed at the same values of W and Q 2 at 
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FIG. 1: (Color online) The —t-dependence of the separated 
cross sections from E01-107 data. The error bars include the 
statistical and uncorrelated systematic uncertainty combined 
in quadrature and the error band includes the correlated and 
—t-correlated systematic uncertainties. The solid black lines 
denote the best fit of the VGL/Regge model J$J to the data. 
The fit parameter is the pion cutoff, which relates to the pion 
form factor in a monopole form. The fit value for the pion cut- 
off is Al =0.518 at Q 2 =2.15 GeV 2 , and A\ =0.584 at Q 2 =3.91 
GeV 2 . The value for the p cutoff was taken to be A 2 =1.7 at 
both values of Q 2 . 



high and low e. This was achieved by placing constraints 
to equalize the W/Q 2 phase space, and obtaining average 
central values from datasets over the overlapping region. 
At Q 2 =3.91 GeV 2 the W/Q 2 kinematic coverage at high 
e does not overlap with the one at low e, and does not 
allow for selecting the bin centers from a common set of 
values. An explicit correction (on the order of 4%) was 
required to perform the L-T separation at common val- 
ues of W and Q 2 . Other contributions to the systematic 
uncertainties are the correlated systematic uncertainty 
(3.7%), which is dominated by radiative corrections and 
pion absorption and the — i-correlated systematic uncer- 
tainty (1.2%). 

Before examining the Q 2 -dependence, the analysis was 
verified by comparison to the well known — i-dependence 
of the cross section. Our results are shown in Figure Q] 
The separated cross sections were evaluated at fixed val- 
ues of W, Q 2 and -t. At Q 2 =2.15 GeV 2 , a L shows the 
characteristic exponential —i-dependence due to the pion 
pole, while or, which is not dominated by the pion pole, 
is largely independent of —t. The interference terms are 
not large, but clearly contribute to the total cross section. 
Non-pole contributions become important as the kine- 
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FIG. 2: (Color online) The pion form factor extracted 
at Q 2 =2.15 GeV 2 shown together with previous data from 
CERN J73/, DESY 0, [0/ and Hall C JH, EJ/. The extracted 
value for Q 2 F n is 0.410 ±0.035, where the error bars do not 
include the model uncertainty. 



matically allowed value of t m i n increases. At the highest 
Q 2 , for which —t min is 23 times the pole value, <Jr is in- 
dependent of —t within the uncertainty, while both <jlt 
and utt terms approach zero. 

An interesting observation is that the contribution 
of transversely polarized photons is still significant at 
Q 2 =3.91 GeV 2 . In fact, ot is approximately a factor of 
two larger than ar,. This trend may be expected since the 
pole dominated term, , decreases more rapidly with in- 
creasing distance from the pole (— t > 0.2 GeV 2 ), while 
(Tt is largely independent of it. However, it should be 
noted that a significant transverse contribution to the 
cross section complicates the extraction of GPDs from 
the leading order term, which is assumed to be domi- 
nated by <jl- 

The Q 2 -dependence of F„ extracted from the measured 
—i-dependence of ol provides another way to verify the 
analysis. For the extraction a model developed by Van- 
derhaeghen, Guidal, and Laget (VGL) was used, which 
is based on the exchange of Regge trajectories. Most pa- 
rameters are constrained by photoproduction data, leav- 
ing the squared mass scale of a pion monopole form fac- 
tor at the electromagnetic vertices, A 2 , as the only un- 
constrained parameter. By comparing the experimen- 
tal value for ar to the one from the Regge calculation, 
one obtains in a one parameter fit at each value of 
Q 2 . This procedure is described in more detail in refer- 
ence fl3j] . 

The resulting value of extracted at Q 2 =2.15 GeV 2 
is shown in Figure [5] along with data from CERN, DESY 
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and Jefferson Lab @, OH Hfl, H, El- The new data 
point is in good agreement with the results from the lat- 
est Jefferson Lab experiment, which gives confidence in 
the reliability of the data analysis. The value of —t m i n at 
Q 2 =2.15 GeV 2 is comparable to the —t m i n values used in 
the earlier Jefferson Lab measurements, while the —t m - m 
value at Q 2 =3.91 GeV 2 is significantly larger (t m i n ~ 
0.4 GeV 2 ). was not extracted at Q 2 =3.91 GeV 2 due 
to insufficient knowledge of non-pole contributions in the 
extraction of F T at values of ~t min >0.2 GeV 2 . 

For Q 2 > 1 GeV 2 , the Q 2 dependence of F T is consis- 
tent with the Q 2 power law behavior predicted by pQCD 
(1/Q 2 ) On the other hand, the phenomenologically 
successful monopole fit (derived from vector meson dom- 
inace [TH) would provide an equally good description of 
the data over the full kinematic range. The recently in- 
troduced anti-de Sitter space geometry/conformal field 
theory (AdS/CFT) correspondence is also consistent 
with the Q 2 -scaling prediction, and also provides a rea- 
sonable description of the magnitude of Q 2 F V as shown 
in Figure^ 

Perturbative QCD calculations, two of which are 
shown in Figure^ give values of Q 2 F^ between 0.10 and 
0.20 GeV 2 in the region of our measurement 1|| 17 1, sig- 
nificantly underpredicting the data. This may suggest 
that higher order contributions are still dominant at the 
available Q 2 scale 18, 1|| 2(J. The broader shape of the 
AdS/CFT wavefunction, which contains the contribution 
from all scales up to the confinement scale, increases 
the magnitude of the leading twist pQCD prediction for 
the pion form factor by 16/9 com par ed to the prediction 
based on the asymptotic form [2ll.l22j. However, it is still 
an open question how the AdS/CFT prediction of Q 2 F^ 
asymptotically approaches the pQCD prediction [21 1 . 

The Q 2 -dependences of the longitudinal and transverse 
cross sections, where results from this experiment have 
been combined with other recent results from Jefferson 
Lab [H, EH , are shown in Figure [3J In order to com- 
pare the results at constant values of — t and i B , the 
results from the earlier Jefferson Lab experiments were 
scaled using the separated VGL/Regge cross section pre- 
dictions. The additional uncertainty due to this kine- 
matic scaling was determined from comparisons of the 
resulting cross section with one obtained using the GPD 
prediction (for <jl only) and a parameterization based on 
pion electroproduction data. The kinematic scaling un- 
certainty ranges between 7% and 13% in <tl for both xb 
kinematics, while the a? uncertainty is larger by a factor 
of three. 

To examine one of the methods often used to test 
QCD factorization, we have compared our data to a 
GPD calculation by Vanderhaeghen, Guidal, and Gui- 
chon (VGG) [23| , which uses a factorized ansatz in terms 
of a form factor and a quark distribution function. The 
pion pole part of the amplitude is obtained using a pa- 
rameterization of F^ data including power corrections 
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FIG. 3: (Color online) The Q 2 -dependence of the separated 
cross sections at fixed values of —t and xb- The error bars 
denote the statistical and systematic uncertainties combined 
in quadrature. The red, solid curve shows a fit of the form 
Q~ 6 , for aL and Q~ 8 for <jt- The green dotted line is a 
GPD calculation from reference ]2a l. In this calculation power 
corrections to the leading order are included. The blue dashed 
line is a VGL/Regge [6] calculation using from a global fit 
to F„. 



due to intrinsic transverse momenta and soft overlap con- 
tributions. The strong coupling constant between quarks 
and the exchanged gluon is deduced from the asymptotic 
freedom expression for a s and by imposing Q 2 analyt- 
icity. This infrared (IR) finite form can be found in 



Refs. [23j, [24|. It is interesting to note that both the 
Regge and the GPD models describe the Q 2 -dependence 
of ul quite well in this kinematic region. The agree- 
ment at low values of —t may be expected as the Regge 
calculation, which is valid at low —t and low Q 2 , over- 
laps with the region of validity of the GPD calculation. 
However, this observation suggests that the agreement 
between data and GPD calculations is a necessary but 
not sufficient condition for the applicability of QCD fac- 
torization in this kinematic regime. 

A more stringent and model independent test of QCD 
factorization is the Q 2 power law scaling of the separated 
cross sections. The "hard scattering" predictions for cr^, 
(~ Q~ 6 ) and ot (~ Q~ 8 ) are indicated by the red lines 
in Figure [3) To investigate the statistical impact of our 
data, we have fitted <tl and <tt at each value of xb to 
the forms <jl ~ Q n and <tt ~ Q m , where n and m are 
free parameters. The experimental fit values are listed 
in Table HI The best fit values for ctl are consistent with 
the hard scattering prediction within the uncertainty. In 
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0"i - Q"° 
X> (P) 


m 




0.31 
0.45 


0.15 
0.41 


5.08 ± 0.95 
4.17 ± 2.95 


0.45 (0.64) 
0.24 (0.62) 


4.20 ± 0.78 
6.01 ± 0.90 


10.7 (<10 _;i ) 
4.5 (0.034) 



TABLE I: The central fit values for the Q 2 scaling laws 
o~l ~ Q~ n and <jt ~ Q~ m /or 6oi/i a; a settings. Also shown 
are the \ 2 values for fitting the data with the hard scattering 
predictions ol ~ Q -6 and or ~ Q~ 8 , and the corresponding 
probability, P , for finding this value of \ 2 °r larger in the 
sampling distribution assuming Poisson statistics. 



fact, fitting the Q 2 -scaling prediction, ox ~ Q~ e , also 
results in a good description of the data. Note that the 
fit at xb=0.451 is not well constrained due to the pre- 
cision of the available data. While the scaling laws are 
reasonably consistent with the Q 2 -dependence of the ox 
data, they fail to describe the Q 2 -dependence of the ox 
data. The Q 2 dependence of ox does, however, provide 
less conclusive evidence for having reached the hard scat- 
tering regime as the factorization theorem was proven 
rigorously only for longitudinal photons [l| . 

An interesting observation is that, at first glance, ox 
appears to scale in a manner consistent with the Q~ e 
hard scattering prediction, while the results in Fig- 
ure [H obtained from these data are inconsistent with the 
magnitude of the two pQCD predictions shown. By def- 
inition of the hard scattering formalism, this would sug- 
gest that the QCD factorization regime has in fact not 
been reached. However, the discrepancy between F v data 
and pQCD predictions may arise from insufficient knowl- 
edge about how to extend the perturbative calculations 
to low values of Q 2 . For example, recent calculations 
suggest that higher twist effects may still be significant 
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up to values of Q 2 of 10-20 GeV 2 

Higher order corrections play an important role at ex- 
perimentally accessible energies 0, [2q |. and competing 
soft mechanisms may mimic the expected Q 2 -scaling be- 
havior characteristic for the hard pQCD term Re- 
call that the fitted scaling power for ox could only be 
determined to ±0.95, and the experimental uncertainties 
are rather large. In fact, deviations from the hard scat- 
tering prediction comparable to those shown in Table U 
have been observed in earlier measurements of the en- 
ergy dependence of large angle Compton scattering per- 
formed at CEA 
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While the Compton data are in 
good agreement with the predicted energy dependence 
from pQCD, at least one theoretical model describes the 
data equally well, including the contribution of sublead- 



ing logarithms at values of Q < 10 GeV 



Fur- 



thermore, recent data from Jefferson Lab [29|J covering 
the same kinematic range at higher precision show good 
agreement with the hard scattering prediction while the 
extracted scaling power at fixed center of mass angles 



differs considerably from the one predicted by pQCD. 

It has been suggested that additional information 
about QCD factorization may be obtained through the 
interference terms [301 ] . However, the small size of these 
components may complicate the interpretation of the ex- 
perimentally fitted scaling power. A fit to the inter- 
ference terms from reference [3l( suggests that the Q 2 - 
dependence is reasonably well described by a functional 
form l/Q (x 2 =0.94, probability=0.62) for a LT /cr L , while 
a functional form of l/Q 2 (x 2 =l-34, probability=0.51) 
does a reasonable job describing the Q 2 -dependence of 
oxt/cx at xb— 0-311. However, the Q 2 -dependence of 
the exponent can only be determined at the ±17% level 
for oxt- 

In summary, separated pion electroproduction cross 
sections hold great promise in testing the factorization 
of long-distance and short-distance physics and the ex- 
traction of Generalized Parton Distributions from hard 
exclusive processes. The Q 2 -dependence of separated 
1 H(e,e / 7r + )n longitudinal cross sections from Jefferson 
Lab are in relatively good agreement with the Q 2 -scaling 
prediction. Recent results for F n including those pre- 
sented here are also consistent with the Q 2 - sca lmg pre- 
diction, but are not consistent in magnitude with pQCD 
calculations. The Q 2 -scaling behavior is well reproduced 
by the AdS/CFT correspondence, which also provides a 
good description of the magnitude of Q 2 F V . The asymp- 
totic transition of the AdS/CFT to the pQCD prediction 
is not well understood yet. The extraction of Generalized 
Parton Distributions typically assumes the dominance of 
the longitudinal term. However, transverse contributions 
to the cross section are still significant at Q 2 =3.91 GeV 2 , 
and drop considerably more slowly than the Q~ s scaling 
expectation. 
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